Introduction: Most pregnant smokers report abruptly reducing their cigarettes per day (CPD) by ~50% after learning of pregnancy and making further smaller reductions over the remainder of their pregnancy. Laboratory and naturalistic studies with non-pregnant smokers have found that these types of reductions often lead to changes in smoking topography (i.e., changes in smoking intensity to maintain a desired blood-nicotine level). If pregnant women smoke more intensely, they may expose themselves and their offspring to similar levels of toxicants despite reporting reductions in CPD. Methods: Pregnant and non-pregnant female smokers (n = 20 and 89, respectively) participated. At the experimental session, after biochemical confirmation of acute abstinence, participants smoked one usual brand cigarette ad lib through a Borgwaldt CReSS Desktop Smoking Topography device. Carbon monoxide (CO) and measures of nicotine withdrawal, craving, and reinforcement derived from smoking were also collected. Results: The two groups did not differ on demographic or smoking characteristics at screening, except nicotine metabolism rate, which as expected, was faster in pregnant smokers. Analyses suggest that none of the smoking topography parameters differed between pregnant and nonpregnant smokers, although pregnant smokers had a significantly smaller CO boost. Both groups reported similar levels of relief of withdrawal and craving after smoking, but other subjective effects suggest that pregnant smokers find smoking less reinforcing than non-pregnant smokers. Conclusions: Pregnant smokers do not smoke cigarettes differently than non-pregnant women, but appear to find smoking comparatively less pleasurable. Implications: This is the first study to assess smoking topography in pregnant women. Pregnant women appear to be at increased risk for smoking cigarettes with more intensity because of (1) their tendency to make significant abrupt reductions in the number of cigarettes they smoke each day after learning of pregnancy and (2) an increase in nicotine metabolism induced by pregnancy. Despite these changes, the present results suggest that pregnant women do not smoke cigarettes more intensely or in a way that causes more toxicant exposure, perhaps due to a reportedly less pleasurable smoking experience.
Introduction
Maternal cigarette smoking is the leading preventable cause of poor pregnancy outcomes. 1 Nevertheless, approximately 15% of pregnant women are regular cigarette smokers. Fifty percent reductions in cigarettes per day (CPD) in early pregnancy have been reliably reported across many studies. [2] [3] [4] [5] [6] In one study, pregnant women self-reported that the bulk of this change in smoking rate takes place within the first few days after learning of their pregnancy.
7 Surprisingly, this reduction in CPD occurs despite a pregnancy-induced increase in the metabolism of nicotine. 8, 9 In non-pregnant populations of smokers, higher rates of nicotine metabolism are associated with smoking more CPD. 10 While pregnant smokers report making reductions in CPD to reduce harm to their offspring, 11 previous research suggests that self-reported reductions may not correspond with decreased toxicant exposure. For example, self-reported reductions in CPD among pregnant smokers enrolled in clinical trials for smoking cessation are not reliably accompanied by corresponding reductions in biochemical markers of smoke exposure. 12 Indeed, despite reporting a one-third reduction in CPD between 10 and 14 weeks gestation, urine cotinine levels among pregnant smokers in the Heil et al. study decreased by only 10% and carbon monoxide (CO) levels remained unchanged. Correlations between CPD and biochemical markers tend to vary widely among pregnant smokers, with a range across reports of 0.32-0.74 and a median of 0.44. [13] [14] [15] [16] [17] One commonly cited potential explanation for these variations in the relationship between nicotine exposure and CPD is that pregnant smokers change their smoking topography (e.g., increase the number of puffs per cigarette, the duration of each puff, the volume of each puff, etc.) in an effort to maintain the same blood-nicotine level despite smoking fewer CPD. [13] [14] [15] [16] [17] [18] To our knowledge, there are no prior reports examining smoking topography among pregnant smokers. In laboratory and naturalistic studies with non-pregnant smokers involving similar discrepancies between reductions in CPD and corresponding reductions in smoking biomarkers, discrepancies have been attributed to increases in smoking intensity. 19, 20 If pregnant women smoke cigarettes more intensely, they may inadvertently continue to expose themselves and their offspring to relatively high levels of toxicants despite making reductions in CPD.
The present study compared the smoking topography of usual brand cigarettes in pregnant and non-pregnant female smokers currently smoking approximately the same number of CPD. If pregnant smokers were trying to sustain pre-pregnancy nicotine levels, they would be expected to evidence a pattern of more intensive smoking (e.g., larger puff volumes) compared to non-pregnant women who smoke at a comparable daily rate. Women of lower socioeconomic status (SES) were of particular interest in the present study because socioeconomically disadvantaged women are at increased risk for (1) smoking, (2) nicotine dependence, (3) smoking more CPD, (4) smoking higher nicotine yield cigarettes and (5) continuing to smoke after becoming pregnant and thus would be expected to be at relatively high risk for increased smoking intensity. 21, 22 Measures of withdrawal, craving and reinforcement were also collected to examine mechanisms that may influence smoking topography in these two groups.
Methods

Participants and Inclusion/Exclusion Criteria
Pregnant and non-pregnant smokers were recruited via ads on Facebook, Craigslist, and in local newspapers and with flyers posted on community bulletin boards between March 2015 and November 2016. Pregnant participants were also recruited from OB/GYN clinics. All potential participants completed a brief phone screen and those who appeared eligible were invited to attend an in-person screening session to determine final eligibility. After providing informed consent, participants submitted breath samples (Micro + Smokerlyzer; coVita/Bedfont, Haddonfield, NJ) and urine samples (NicAlert cotinine test strip; Nymox, Hasbrouck Heights, NJ) to verify smoking status. Urine was tested to determine pregnancy status, to test for illicit drug use, and to quantify cotinine levels via enzyme immunoassay technique (MGC240; Microgenics, Fremont, CA). Additionally, participants provided saliva samples which were analyzed for cotinine and trans-3'-hydroxycotinine (3-HC), the major metabolite of cotinine. 3-HC was divided by cotinine to calculate a nicotine metabolite ratio (NMR), which is strongly correlated with nicotine clearance. 23 Saliva was analyzed by liquid chromatography mass spectrometry.
Next, potential participants completed sociodemographic (e.g., age, race/ethnicity, education, marital status, etc.) and medical history questionnaires developed in our laboratory and filled out a series of standardized questionnaires, including the Fagerstrӧm Test for Nicotine Dependence and the Mini International Neuropsychiatric Interview (MINI). [24] [25] [26] [27] Eligible non-pregnant participants had to self-report smoking at least 5 CPD for the past year and have an intake breath CO sample >8 ppm. There was no minimum CPD or breath CO level for the pregnant participants. Rather, smoking status was confirmed among pregnant participants with a urine cotinine value >100 ng/ml (>2 on NicAlert strip). Educational attainment served as a proxy for SES. As such, all participants had to have less than an Associate's degree. Individuals were excluded if they reported exclusively rolling their own cigarettes, using other tobacco or nicotine products more than 9 days in the last 30, intentions to quit in the next 7 days if pregnant and 30 days if non-pregnant, or any smoking cessation product use in the last 30 days. All participants were without a current serious mental disorder and could not test positive for illicit drug use, except for THC. Opioid-dependent pregnant and non-pregnant women who were stable in opioid agonist maintenance treatment were eligible. All potential participants were compensated $50 for completing the screening session.
Procedures
If deemed eligible, participants were invited back for an experimental session. The session took place in a private room located in a suite specifically built for indoor smoking. Participants were instructed to abstain from smoking prior to the session for at least 6 hours and had to meet at least a 50% reduction in their screening breath CO level in order to begin the experimental session; this criterion is widely used as a marker of acute abstinence in smoking research. [28] [29] [30] If CO values were >50% of screening CO values, the session was rescheduled and they were instructed to abstain for a longer period of time before their next scheduled session. After abstinence was confirmed, all participants took two puffs from their usual brand cigarette to standardize the time since each participant last smoked. 31, 32 After taking these two puffs but before smoking a full cigarette, participants completed the Minnesota Nicotine Withdrawal Scale (MNWS) and the Questionnaire of Smoking Urges -Brief (QSUBrief). Thirty minutes after taking two puffs, participants smoked one usual brand cigarette through a CReSS Desktop smoking topography device (Borgwaldt, Richmond, VA) with no instruction (i.e., ad libitum puffing). The device measured and recorded a number of smoking topography parameters, namely: (1) number of puffs per cigarette, (2) puff duration, (3) inter-puff interval, (4) puff volume and (5) maximum puff velocity. The CReSS smoking topography device has been shown to have good reliability and validity even in single trials. 33, 34 Immediately after smoking the cigarette, participants completed the modified Cigarette Evaluation Questionnaire (mCEQ). The mCEQ consists of 12 items which query how smoking the cigarette made the participant feel (e.g., "Did the cigarette taste good?", "Did the cigarette help you concentrate?"). 35 Designated items are averaged to generate five subscale scores, namely (1) Satisfaction, (2) Psychological Reward, (3) Aversion, (4) Enjoyment of Respiratory Tract Sensations and (5) Craving Reduction. This measure has demonstrated good reliability and validity. 36 CO was collected in 15-minute increments in the hour following smoking to assess CO boost, another measure of smoke exposure and intensity of smoking. 37, 38 To measure CO boost, pre-cigarette CO was subtracted from each CO value measured after smoking the cigarette. Withdrawal and craving were also measured in 15-minute increments during that hour using the MNWS and QSU-Brief. The MNWS measured eight nicotine withdrawal symptoms (e.g., craving, irritability, anxiety). [39] [40] [41] Mean withdrawal is derived as the average of seven of the eight symptoms, with the item "Desire or Craving to Smoke" analyzed separately. 40 The MNWS has good reliability and validity. [38] [39] [40] The QSU-Brief is comprised of 10 statements indicating current cravings to smoke (e.g., "A cigarette would taste good right now.", "I could control things better right now if I could smoke."). 42, 43 The instrument is scored such that two factors are derived, with Factor 1 often described as a measure of the anticipation of positive reinforcing effects of smoking and Factor 2 a measure of the anticipation of negative reinforcing effects of smoking. The QSU-Brief is a reliable and valid measure of smoking urges. 44 Participants were compensated $135 for their time. Pregnant participants ended their participation after this session. For nonpregnant women, this session was their first in a larger 14-visit study designed to test the acute effects of cigarettes with varying nicotine levels described elsewhere. 30 
Statistical Method
Independent t-tests and Fisher's exact tests were used to compare demographics, smoking characteristics and baseline biochemical measures between the two groups. Nicotine metabolite ratio was log-transformed prior to statistical comparison. In comparisons where variances were not equal, corrected Satterthwaite approximations were used.
Given unequal sample sizes, non-uniform allocation was employed and the two groups were also frequency matched on all demographic characteristics (i.e., age, race, education and opioid dependence). All topography measures were log-transformed to meet normal distribution requirements so that independent t-tests could be used to compare the two groups; effect sizes (Cohen's ds) were also calculated. A parallel set of analyses including all demographic and smoking variables as covariates was conducted with smoking topography data. Because the results of these analyses were the same as analyses that did not include covariates, the simpler set of results is presented. To explore whether topography changed as a function of increasing gestational age, a Pearson product-moment correlation coefficient was also computed to assess whether estimated gestational age (EGA) and any of the smoking topography parameters were related.
The five mCEQ subscales were compared using independent t-tests. CO boost, mean total MNWS score, MNWS item "Desire or Craving to Smoke", QSU-Brief Factor 1 and QSU-Brief Factor 2 were compared between the two groups and across time points using repeated measures ANOVAs, with time as the within-subjects factor and pregnancy status as between-subject factor.
CO boost was also characterized using area under the curve. To do so, trapezoids were constructed with the x-and y-axis coordinates for each data point and the combined area of the three trapezoids summed. Significance for all tests was set at p < .05.
Power Analysis
Sample size calculations were based on smoking topography data collected from non-pregnant women participating in the pilot phase of a study testing the acute effects of cigarettes with differing levels of nicotine. 30 Assuming a Type I error rate of 5% and power of 80%, it was determined that a sample size of 20 pregnant women would provide sufficient power to detect 20-30% differences in smoking topography measures. Differences of this magnitude are commonly observed in studies comparing smoking topography between groups.
29,45,46
Results
Participant Characteristics
Twenty pregnant and 89 non-pregnant female smokers completed the experimental session. On average, participants were 30 years old, Caucasian, and had a high school education or less (Table 1) . One-third of participants in both groups were opioid-maintained. Pregnant smokers averaged 22 weeks EGA at screening and reported cutting down from smoking 22 CPD prior to pregnancy to 13 CPD at screening (a 41% reduction; range: 15-75% reduction). Women in both groups tended to smoke approximately 14 high nicotine yield, non-menthol cigarettes per day, had moderate levels of nicotine dependence, started smoking around 15 years of age and had average urine cotinine levels of 870 ng/ml. There was no difference in past 30 day other nicotine/tobacco use between the two groups. As expected due to physiological changes induced by pregnancy, NMR was significantly higher among pregnant smokers as compared to non-pregnant smokers (t(107) = 2.81, p < .01).
Smoking Topography
Comparing pregnant and non-pregnant women, there were no significant differences in mean (± SEM) puff number (14.00 ± 1.39 vs. 14.82 ± 0.58), puff duration (1.30 ± 0.09 vs. 1.34 ± 0.05), inter-puff interval (23.70 ± 2.58 vs. 20.52 ± 1.00), puff volume (48.21 ± 5.04 vs. 48.34 ± 2.86), and maximum puff velocity (35.11 ± 2.37 vs. 36.47 ± 1.39) (all ps > .25, ds range: −0.3 to 0.3). Differences between groups averaged less than 5% across parameters (Figure 1 ). Within the pregnant smoker sample, there were no significant correlations between EGA and any smoking topography parameter.
CO boost AUC was 39% greater in non-pregnant as compared to pregnant smokers, (F(1, 107) = 19.02, p < .01). CO boost decreased in a parallel fashion in both groups over time (F(3, 321) = 2.25, p < .05; Figure 2 ).
Subjective Effects mCEQ
Compared to non-pregnant smokers, pregnant smokers reported significantly lower Satisfaction and Craving Reduction scores and 
MNWS
There were no significant differences between groups on mean MNWS scores or on the MNWS item "Desire or Craving to Smoke". Scores decreased in both groups 15 min after smoking the cigarette followed by increasing scores across subsequent time points (F(4, 427) = 8.53, p < .01, F(4, 427) = 20.78, p < .01; see online Supplementary Materials).
QSU-Brief
There were significant differences between groups on both QSUBrief Factor 1 and QSU-Brief Factor 2 scores. While scores on both factors were comparable in pregnant and non-pregnant women prior to smoking, pregnant women reported significantly lower positive and negative anticipation of reinforcing effects from smoking compared to non-pregnant smokers (F(1, 107) = 17.27, p < .01, F(1, 107) = 4.22, p < .05). Scores in both groups then increased in a parallel fashion across time points on both factors (F(4, 428) = 22.02, p < .01, F(4, 427) = 13.83, p < .01; see online Supplementary Materials).
Discussion
To our knowledge, this is the first study comparing smoking topography between pregnant and non-pregnant smokers. Despite reporting decreases in their CPD and experiencing increases in nicotine metabolism rate, smoking topography of pregnant women did not differ significantly from non-pregnant smokers who reported comparable levels of CPD. While it is possible that there were no differences between groups because the non-pregnant smokers were also smoking more intensely, this seems unlikely given the large number of participants in this group. Although no differences were discernible on any topography parameters, CO boost was less among pregnant smokers, an effect opposite of what would be expected with compensatory smoking. It is well known that CO can cross the placenta. As such, this smaller CO boost may be a function of some of the CO inhaled by the mother entering the placental-fetal compartment. Hormonal and anatomical changes in the respiratory system during pregnancy that increase overall tidal volume (the total amount of air in one inhale and one exhale combined) may also contribute. With a larger tidal volume, perhaps more CO can be exhaled with every breath, leading to a smaller CO boost. Whatever the mechanisms, a smaller CO boost is consistent with previous studies suggesting there are differences between pregnant and non-pregnant women with regards to CO levels. 47, 48 Across self-report questionnaires in the present study, two themes emerged. The first was that both groups experienced similar levels of relief from withdrawal after smoking, with consistent results across mean MNWS and mCEQ Psychological Reward. Two self-report measures also suggested that pregnant smokers do not find smoking as pleasurable or reinforcing as non-pregnant smokers. QSU-Brief Factor 1 scale scores, a measure of the anticipation of positive reinforcing effects from smoking, were lower among pregnant smokers, as was mCEQ Satisfaction subscale scores. Also according to the mCEQ, pregnant smokers indicated that smoking was more aversive and was not as effective at reducing cravings immediately after smoking a cigarette. This composite of lower positive subjective effects and greater aversive effects is consistent with a lower relative reinforcing effect of smoking. 49 It is possible that decreases in the overall enjoyment of cigarette smoking facilitates the substantial reductions most female smokers report during pregnancy and may also explain why they do not engage in compensatory smoking following such substantial reductions. However, this study was not specifically designed to investigate this question and this conclusion should be cautiously considered.
It was surprising that baseline cotinine levels did not differ between pregnant and non-pregnant smokers. While both groups reported smoking about the same number of CPD, NMR was 30% faster among pregnant smokers, suggesting that their cotinine levels should have been lower if they were smoking approximately the same number of CPD and given no differences in the smoking topography parameters measured. It is possible that pregnant and nonpregnant smokers differ on other topography parameters, such as how much air was mixed with the puff during inhalation and how long the puff was held in the lungs, that offset faster metabolism among pregnant smokers. It is also possible that there may still be some social pressure on pregnant smokers to underreport their level of smoking. These findings should be considered in light of some limitations. First, the pregnant sample in this study is relatively small. However, previous studies with similar sample sizes have found differences in smoking topography. 29, 46 Additionally, the control group was closely matched on a number of sociodemographic and smoking characteristics which are known to influence smoking topography, which eliminated variability that may have made it more difficult to detect differences between the groups. Furthermore, the differences in topography measures between non-pregnant and pregnant smokers were relatively small (<5% on average), which does not suggest that the study was underpowered. Likely the best way to answer questions about changes in smoking upon learning of pregnancy would be to conduct a large prospective longitudinal observational study of non-pregnant female smokers of reproductive age to see, for example, how smoking topography and subjective measures change in the subset of women who become pregnant, but it does not seem likely that such a study will be conducted given the time, effort, and costs such a study would require.
This study has several notable strengths. To our knowledge, it is the first study to capture a variety of variables during a single cigarette smoking bout among pregnant smokers. More specifically, this study characterized (1) smoking topography of usual brand cigarettes, (2) changes in CO in the hour that followed smoking, and (3) subjective effects of this smoking experience. Most noteworthy among these is smoking topography. For the past 20 years, researchers have speculated about whether pregnant smokers engage in compensatory smoking. This was the first study to directly address this question. In addition, a large sample of non-pregnant female smokers who did not differ from the pregnant smokers on important sociodemographic or smoking characteristics was included for comparison.
There are a number of future directions that could be explored. First, in regards to studying smoking topography during pregnancy, future studies should replicate this study in different contexts. For example, smoking topography can be measured using a portable version of the CReSS device used in the present study that can be sent home with participants to record data across multiple smoking bouts in the participant's usual smoking environment. These studies would help validate the findings reported in this paper and may help overcome changes in smoking topography due to social pressure. Additional studies are also needed to more firmly establish the relationship between CPD and biochemical markers of smoking during pregnancy. A recent study by Denlinger and colleagues (2016) assessed non-pregnant smokers in a controlled, but not entirely artificial, environment (i.e., a hotel that permitted smoking) for 5 days. 50 This study allowed researchers to precisely quantify how many CPD participants smoked and the levels of cotinine and other biomarkers that resulted. A similar study with pregnant women could generate population estimates that could be used for research and clinical purposes.
In summary, results of the present study suggest that the smoking topography of pregnant smokers does not differ from that of nonpregnant female smokers and that pregnant smokers find smoking less reinforcing. These changes in reinforcement may help pregnant smokers make the substantial reductions in CPD typically reported during pregnancy and may also protect them from engaging in compensatory smoking.
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